Abstract While the effects of calcium, phosphorus intake, and vitamin D on parathyroid hormone (PTH) have been well studied, less is known about other factors that impact PTH. Our goal was to delineate associations between demographic, dietary, and plasma factors and PTH. We conducted a cross-sectional study of intact PTH among 1,288 nonblack women in the Nurses Health Study II aged 33-53 with BMI \30 kg/m 2 and eGFR C60 ml/ min/1.73 m 2 . Median PTH was 30.7 pg/ml. After adjusting for 25-hydroxyvitamin D and other factors, PTH was 4.1 pg/ml lower (95% CI -7.7 to -0.5) in women who smoked 1-14 cigarettes/day and 6.4 pg/ml lower (95% CI -11.2 to -1.7) in women who smoked [15 cigarettes/day compared to nonsmokers. After multivariate adjustment, women whose BMI was 27-29 kg/m 2 had PTH levels 2.0 pg/ml higher (95% CI 0.2-3.9) compared to BMI of 21-22 kg/m 2 and women in the highest quartile of plasma phosphorus had PTH levels 4.1 pg/ml lower (95% CI -5.8 to -2.4) than women in the lowest quartile. Higher vitamin A intake was independently associated with lower PTH, whereas lower calcium intake, lower plasma calcium, lower plasma 25-hydroxyvitamin D, and winter blood draw were associated with higher PTH. Intakes of phosphorus, animal protein, magnesium, alcohol, and caffeine were not associated with PTH. Factors not classically associated with calcium-phosphorus metabolism impact PTH. Additional research is needed to elucidate the mechanisms whereby smoking, vitamin A, and phosphorus affect PTH and to examine how body size and season may affect PTH independent of 25(OH)D.
Parathyroid hormone (PTH) plays a central role in calcium and phosphorus homeostasis through direct and indirect effects on the bone, kidney, and intestine. In addition, emerging research has demonstrated that PTH may be involved in a wide variety of diseases, such as hypertension [1] and cardiovascular disease [2] . The secretion of PTH, an 84-amino acid protein synthesized and stored in the parathyroid gland, is regulated primarily by the extracellular calcium concentration, which activates the calcium sensing receptor on the surface of parathyroid cells [3] . The effects of dietary and plasma calcium, short-term phosphorus intake, and plasma 25-hydroxyvitamin D (25[OH]D) on PTH have been well studied. Lower extracellular plasma calcium level [4] and lower calcium intake [5] elevate PTH levels. Higher plasma phosphate level directly stimulates PTH release from parathyroid tissue [6] , and high phosphorus intake results in higher serum PTH [7] .
Because PTH impacts bone health and may affect the development of cardiovascular disease, it is important to identify other factors that modulate PTH. Body mass index (BMI), alcohol intake, smoking, vitamin A intake, and other factors may influence PTH levels [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Individuals with a higher BMI had higher PTH levels compared to individuals with a lower BMI [8] [9] [10] , possibly due to lower serum 25(OH)D levels in obese individuals compared to nonobese individuals [18] . However, past studies reporting positive associations between body size and PTH either had small sample sizes [8, 9] or did not account for differences in plasma 25(OH)D [10] . The relation between PTH and ethanol intake also is unclear. Acute ethanol administration in healthy volunteers [11] resulted in lower PTH levels; on the other hand, human studies of chronic alcohol consumption have shown elevated PTH levels [12] . Previous reports that smokers have lower PTH levels were limited by small sample size or the lack of measured plasma factors such as 25(OH)D and phosphorus [13] [14] [15] 19] . Although retinoic acid has been found to directly suppress PTH secretion in bovine [16] and human parathyroid cells [17] , the effect of vitamin A intake on PTH is unknown.
To examine the association of demographic, lifestyle, dietary, and plasma factors with intact PTH, we conducted a cross-sectional study of 1,288 nonblack younger women with normal renal function.
Methods

Source Population
The Nurses Health Study II is an ongoing, prospective cohort study which began in 1989, enrolling 116,430 female registered nurses aged 25-42 who are followed with biennial questionnaires. The average follow-up was [90% for the first 16 years. In 1997-1999, 29,616 participants contributed blood samples.
Study Population
The women for this study were selected from the nested prospective case-control study of incident hypertension conducted by Forman et al. [20] in which hypertension cases and controls (1:1 ratio) were selected from women who met the following criteria at the time of blood collection: (1) blood sample collected after fasting for at least 8 h, (2) no diagnosis of hypertension, (3) no use of antihypertensive medications, (4) no diagnosis of cancer (except nonmelanoma skin cancer), (5) no diagnosis of either coronary heart disease or diabetes, and (6) BMI \30 kg/m 2 . For the current study, we excluded women if they did not complete a food-frequency questionnaire (FFQ) or did not have a blood sample with intact PTH or plasma 25(OH)D available. Women with an estimated glomerular filtration rate (eGFR, using the Modification of Diet in Renal Disease Study equation) \60 ml/min/1.73 m 2 were excluded from the analysis. Because determinants of PTH may differ in blacks and whites [21] , we also excluded the six African American women in our study population. The institutional review board at Brigham and Women's Hospital reviewed and approved the study.
Plasma Measurements
Intact PTH was measured by an electrochemiluminescence immunoassay on the 2010 Elecsys autoanalyzer (Roche Diagnostics, Indianapolis, IN). The coefficient of variation (CV) for this assay using quality-control samples was 13.4%. Plasma 25(OH)D was measured by an enzyme immunoassay from Immunodiagnostic Systems (Fountain Hills, AZ); the CV was 3.2%. Other plasma factors that were measured as part of this study included calcium (colorimetric assay CV = 3.6%), phosphorus (photometric assay CV = 9.5%), and creatinine (modified Jaffe method CV = 6.5%).
Ascertainment of Dietary Intake
Self-administered semiquantitative FFQs closest to the blood draw were used to assess the nurses' average nutrient intake over the past year. In addition to questions on over 130 individual food items and 22 individual beverages, the FFQ inquired about the use of calcium supplements, vitamin D supplements, and multivitamins. Intakes of supplemental calcium and supplemental vitamin A in multivitamins or isolated form were determined by the brand, type, and frequency of reported use. Intake of specific dietary factors was computed from the reported frequency of consumption of each specified unit of food and from U.S. Department of Agriculture data on the content of the relevant nutrient in specified portions. Nutrient values were adjusted for total caloric intake to determine the nutrient composition of the diet independent of the total amount of food eaten. The FFQ has been extensively validated [22] . For example, the correlation coefficients between the FFQ and food diaries for food items containing high amounts of calcium were as follows: skim or lowfat milk (r = 0.81), whole milk (r = 0.62), and yogurt (r = 0.94) [23] .
Ascertainment of Demographic Variables
Age and BMI (weight in kilograms divided by height in meters squared) were obtained from the questionnaire closest to the blood draw year. Smoking status (never, past, current), physical activity (in metabolic equivalent task scores [METS]), current oral contraceptive use (yes, no), menopausal status, and alcohol intake (grams/day) were ascertained from the biennial questionnaire closest to the time of blood draw. Race was self-reported and categorized as Caucasian and non-Caucasian (Hispanic, Asian, and other). African American women were excluded from the analysis.
Statistical Analyses
The analysis was cross-sectional. To remove extreme values, we excluded participants in the top and bottom 1% of the distribution for intact PTH, plasma calcium, and plasma phosphorus. The final range for intact PTH was 12-76 pg/ml.
Multivariable linear regression models with PTH as the dependent variable included the following potential confounders plus factors with univariate associations: race, BMI, smoking status, alcohol intake, total calcium intake, total vitamin A intake, phosphorus intake, animal protein intake, magnesium intake, potassium intake, season of blood draw, plasma 25(OH)D, plasma phosphorus, plasma calcium, and plasma creatinine. We included age and race in all multivariate models. Variables were excluded from the final multivariate model if they were not associated with the outcome or were not confounders (change in regression coefficient\10%). Dietary and plasma variables were divided into quartiles.
We performed tests for trend for categorical variables. We also performed stratified analyses to determine whether associations with PTH varied by plasma 25(OH)D level (sufficient 25 [OH]D defined as C30 ng/ml compared to insufficient and/or deficient defined as \30 ng/ml) and whether associations varied by BMI (Cmedian vs. \med-ian). Because half the participants developed hypertension after blood draw, we also performed separate analyses of participants who did and participants who did not develop hypertension.
Results
Study Population Characteristics
The baseline characteristics of the study population (n = 1,288) are shown in Table 1 . The median intact PTH level was 30.7 pg/ml and the median 25(OH)D level was 26.6 ng/ml. The median age of the participants was 44 years and the median BMI was 24 kg/m 2 . Nine-hundred thirty-two women had never smoked, 296 women were past smokers, and 58 women were current smokers, with 37 women currently smoking 1-14 cigarettes/day (classified as light smokers) and 21 women currently smoking [15 cigarettes/day (classified as heavy smokers).
Predictors of Intact PTH Levels
Correlations between dietary factors, plasma factors, and intact PTH are shown in Table 2 . Table 3 displays multivariable-adjusted differences in intact PTH levels. The final multivariable regression model included the following variables: BMI, smoking status, total calcium intake, total vitamin A intake, season of blood draw, plasma 25(OH)D level, plasma phosphorus, plasma calcium, age, race, phosphorus intake, animal protein intake, and creatinine.
After adjustment for plasma 25(OH)D and other factors, the PTH level was 2.0 pg/ml (95% CI 0.2-3.9) higher in women with BMI of 27-29 kg/m 2 than women with BMI of 21-22 kg/m 2 . We also examined BMI categorized as normal weight (18.5-24.9 kg/m 2 ) or overweight (25-29.9 kg/m 2 ). Overweight women had a 0.83 pg/ml higher PTH level Variables are taken from the questionnaire closest to the blood draw and are expressed as median (25-75th percentile) unless otherwise specified. Vitamin A is measured in micrograms of retinol equivalents (1,500 lg RE = 5,000 IU) (95% CI -0.4 to 2.1) compared to women of normal weight. There were only 19 underweight (\18.5 kg/m 2 ) nurses in this study group. Intact PTH was 4.8 pg/ml lower (95% CI -7.7 to -1.9) in current smokers compared to nonsmokers. PTH was 4.1 pg/ml lower (95% CI -7.7 to -0.5) in light smokers and 6.4 pg/ml lower (95% CI -11.2 to -1.7) in heavy smokers compared to nonsmokers. Participants with winter blood draws, spring blood draws, and fall blood draws had a 3.2 pg/ml higher PTH level (95% CI 1.3-5.1), 3.0 pg/ml higher PTH level (95% CI 1.1-4.8), and 1.7 pg/ml higher PTH level (95% CI -0.03 to 3.4), respectively, compared to participants with summer blood draws.
The highest quartile of vitamin A intake was associated with a 1.9 pg/ml lower PTH level (95% CI -3.7 to -0.07) compared to the lowest quartile of vitamin A intake. The highest quartile of plasma 25(OH)D was associated with a 4.5 pg/ml lower PTH level (95% CI -6.3 to -2.7) compared to the lowest quartile of plasma 25(OH)D. The highest quartile of plasma phosphorus was associated with a 4.1 pg/ml lower PTH level (95% CI -5.8 to -2.4) compared to the lowest quartile of plasma phosphorus. The highest quartile of plasma calcium was associated with a 5.3 pg/ml lower PTH level (95% CI -7.0 to -3.6) compared to the lowest quartile of plasma calcium.
Stratified Analysis by Plasma 25(OH)D Level and Hypertension
The prevalence of 25(OH)D insufficiency/deficiency (plasma 25 [OH]D \30 ng/ml) was 64.9%. In addition, by design roughly half of the study participants subsequently developed hypertension after blood draw. Thus, we performed stratified analyses to determine whether associations with PTH varied by plasma 25(OH)D level (C30 vs. \30 ng/ml) or subsequent hypertension (yes or no). Associations with PTH were similar in participants with and without 25(OH)D insufficiency/deficiency and were similar in participants who did and who did not subsequently develop hypertension.
Other Results
The adjusted R 2 for the final regression model was 12%. There were no independent associations between intact PTH and the following factors: alcohol intake, potassium intake, vitamin D intake, caffeine intake, physical activity, oral contraceptive use, menopausal status, and bisphosphonate use. In addition, we examined characteristics related to the timing of the blood draw (time of day of blood draw, number of hours the nurses were awake prior to blood draw, number of night shifts worked during the 2 weeks prior to blood draw, and day of menstrual cycle on the day of blood draw) and found no significant associations between these variables and PTH level.
Discussion
We identified numerous factors that were independently associated with intact PTH levels in 1,288 nonobese younger women with normal eGFR. After adjusting for plasma 25(OH)D and other factors, we found that PTH was lower in smokers, lower in individuals with higher vitamin A intake, higher in those with higher BMI, and higher in the spring, winter, and fall (compared to summer). PTH levels were lower in women with higher plasma 25(OH)D, plasma calcium, and plasma phosphorus.
Previous reports that smokers have lower levels of PTH were limited by small sample size or the lack of measured plasma factors such as 25(OH)D and phosphorus [13-15, 19, 24] . In a multivariate analysis of factors influencing PTH levels in 166 Swedish women and 181 men, LandinWilhelmsen et al. [13] found that PTH levels were positively associated with BMI and negatively associated with smoking (-1.86 pg/ml in male smokers and -2.4 pg/ml in female smokers compared to nonsmokers) and 25(OH)D. However, the study did not examine whether there was a dose-response relation between number of cigarettes and difference in PTH levels, nor did it assess diet or plasma factors such as creatinine, calcium, and phosphorus. In the Tromso study [15] , Jorde et al. also found that current smokers had lower PTH levels compared to nonsmokers for both men and women (29.5 ± 13.3 vs. 34.3 ± 18.1 pg/ml in men, 29.5 ± 14.3 vs. 34.3 ± 17.1 pg/ ml in women; P \ 0.001). The 4.8 pg/ml difference in intact PTH found by Jorde et al. is similar to the difference in intact PTH between current smokers and nonsmokers found in our study. However, in the Tromso study, 25(OH)D was measured in only 205 subjects and 100 of these individuals had secondary hyperparathyroidism. In addition, serum phosphorus was not measured. Finally, the Tromso study reported no dose-response relation between number of cigarettes and PTH levels.
In contrast to our study, several prior studies did not find a consistent inverse relation between smoking and PTH levels [25] [26] [27] . However, Rapuri et al.'s study [25] was performed only in elderly women aged 65-77 years, Ortego-Centeno et al.'s study [26] included only 101 women, and Supervia et al.'s study [27] had a sample size of 74 in total (43 women and 31 men).
The mechanism underlying the association between smoking and lower PTH is unclear. Prior studies on female rats have found that nicotine either had no effect on PTH levels [28] or actually raised PTH levels [29] . Jorde et al. [15] suggested that in addition to serum ionized calcium, there could be several other modulators of PTH, such as chromogranin peptides and interleukin-8. The association between smoking and PTH could also be due to an unknown toxin found in cigarettes [30] . Although smokers are at increased risk for fractures [31] and lower bone mineral density [24, 32] , our data suggest that the mechanism by which smoking affects bone is not PTH-mediated (since lower PTH is associated with higher bone mineral density [33, 34] ).
We found that higher BMI was associated with higher PTH, independent of plasma 25(OH)D. Past studies reporting positive associations between body size and PTH either had small sample sizes [9, 13] or did not account for differences in plasma 25(OH)D [10, 15] . Although the mechanism whereby higher BMI may lead to higher PTH remains unclear, it is possible that women with higher BMI exhibit an isolated skeletal resistance to the actions of PTH. One metabolic study including 12 obese and 14 nonobese individuals who were consuming a controlled diet showed similar levels of plasma calcium and phosphorus but higher levels of PTH, higher levels of 1,25-dihydroxyvitamin D, and lower levels of 25(OH)D and urinary calcium in obese participants [8] . Although this study did not measure sex hormones, higher BMI in women may be associated with higher levels of estrogen [35, 36] , a hormone which may inhibit the bone-resorbing effects of PTH [37] . We found several unexpected associations. For example, PTH levels were higher in the spring, winter, and fall compared to the summer, even after controlling for simultaneously measured plasma 25(OH)D. While the reason for this finding is unclear, it may underscore the importance of cumulative 25(OH)D levels in determining levels of PTH. It is also possible that calcium intake varies by season [38, 39] . Because our FFQ measured average annual dietary intake, we could not examine this possibility.
Another unexpected finding was the inverse association between plasma phosphorus and PTH levels. Prior research has shown that acute phosphorus loading raises PTH levels [40, 41] , and it would be reasonable to expect, a priori, a positive association between plasma phosphorus and PTH. Dawson-Hughes et al. [42] previously found an inverse correlation (r = -0.16) between serum PTH and serum phosphorus among 275 postmenopausal women. However, they did not adjust for other factors such as serum calcium and 25(OH)D levels. Our data suggest that other plasma factors involved in phosphorus metabolism affect PTH. Of note, higher phosphorus concentrations result in higher FGF-23 levels, and FGF-23 may suppress PTH [43] . Finally, our blood samples were collected in fasting individuals, and it is possible that relations between plasma phosphorus and PTH would be different in the postprandial state.
We also observed that higher vitamin A intake was associated with lower PTH. Higher vitamin A intake [44] has been associated with increased risk of bone fracture, and vitamin A may interfere with the action of vitamin D by modulating the action of the vitamin D receptor-retinoid X receptor (VDR-RXR) [45] . However, our study found that higher vitamin A intake was independently associated with lower PTH, even after controlling for serum 25(OH)D levels. This could be related to direct effects of retinoic acid on PTH since retinoic acid has been found to directly suppress PTH secretion in bovine parathyroid cells [16] and human cells [17] .
There are several limitations to our study. First, since our study population was female and almost entirely Caucasian, our findings are not necessarily generalizable to men or African Americans. Second, our analysis did not include women with a BMI C30 kg/m 2 . Third, the crosssectional study design does not allow for inferences of causality. Fourth, we did not measure serum 1,25(OH)D or FGF-23 levels. Finally, our multivariate models accounted for only 12% of the variability in PTH levels in our study population. Thus, there likely are other factors (including genetics) that affect PTH.
In conclusion, many factors not classically associated with calcium-phosphorus metabolism impact PTH in younger women with normal eGFR. In particular, more research is needed to elucidate the mechanism whereby smoking affects PTH levels, to delineate the effects of plasma phosphorus on PTH and to examine potential mechanisms whereby body size, vitamin A intake, and season could affect PTH independent of 25(OH)D.
